1976. -Specific destruction of at least 90% of the noradrenergic neurons in the preoptic/anterior hypothalamic region (PO/AH) by local injection of 6-hydroxydopamine (6-HDA) did not disrupt thermoregulation by rats either in the heat or the cold. Examination of the multiple effector mechanisms suggested that thermal balance was maintained in a normal fashion, and that compensatory adjustments did not conceal individual dysfunctions.
In contrast with the ineffectual 6-HDA lesions of the PO/AH were the outstanding impairments seen in rats following electrolytic lesions of this area. All the latter animals became severely hyperthermic during the 1st h of exposure to an ambient temperature of 40°C and half of them were additionally unable to maintain body temperatures when exposed to an ambient temperature of 6°C. The electrolytic lesions reduced norepinephrine levels in the PO/AH, but the 50-70% depletions were substantially smaller than those found in 6-HDA-treated rats. These results raise new doubts about whether central noradrenergic fibers have an important role in the regulation of body temperature by rats.
anterior hypothalamus; cold stress; evaporation; heat stress; norepinephrine; preoptic area; thermoregulation; vasoconstriction, vasodilatation THE PREOPTIC/ANTERIOR hypothalamic region (PO/AH) has long been implicated in the central control of body temperature as a result of classical lesion, stimulation, and electrophysiological studies (2, 33) . Ten years ago, Feldberg and Myers (12, 13) added a new dimension to these considerations with their reports that intracerebra1 injections of norepinephrine (NE) and 5hydroxy-tryptamine (5HT) altered the body temperatures of cats. They proposed that these putative neurotransmitters had reciprocal actions on neurons in the PO/AH which controlled heat loss and heat production effecters. Despite a wealth of subsequent work, there is still no generally agreed-upon neurochemical model of thermoregulation in mammals because the monoamines apparently produce different qualitative effects on body temperature depending on the dose, brain site, ambient temperature, and species that is examined (4, 19 ).
The present study takes another approach to this problem. We selectively destroyed NE-containing neurons in the PO/AH of rats by local injections of 6-hydroxydopamine and found no impairment of thermoregulation, in the heat or cold, despite at least 90% depletion of NE in the PO/AH. In contrast, electrolytic , lesions of the PO/AH severely disrupted thermoregulation even though NE depletions were smaller. These results raise new doubts about whether central NEcontaining neurons play an important role in the control of body temperature by rats.
METHODS

Animals
The subjects were male albino rats of the SpragueDawley strain (Zivic-Miller Laboratories), weighing 190-240 g at the beginning of the experiments. The rats were housed in individual wire-mesh cages in a temperature-controlled room (23-25"C), and were maintained on Purina laboratory chow pellets and tap water except during testing. Lights were on between 6 A.M. and 6 P.M. Two groups of experimental subjects were prepared. The first were given biochemical lesions in order to destroy NE-containing neurons in the PO/AH. A detailed description of the thermoregulatory capabilities of these animals, in the heat and the cold, provides the principle focus of this report. The second group of rats, given electrolytic lesions of the PO/AH, were not studied as extensively; instead, the expected thermoregulatory impairments described previously (33, 40) were simply confirmed. With these animals, we were mainly interested in determining local NE depletions that were produced by the lesions.
Biochemical Lesions
Using ether as anesthesia, 20 ~1 containing either 200 pg of 6-hydroxydopamine hydrobromide (dose expressed as the free base) (Regis Chemical Co.) or the vehicle solution (.9% NaCl, .l% ascorbic acid) were injected into the cerebrospinal fluid of 29 rats by way of the right lateral ventricle. All injections were administered 0.5 4.0 h after intraperitoneal injection of 50 mg/kg pargyline, an inhibitor of monoamine oxidase which has been shown to potentiate the neurotoxic effects of 6-hydroxydopamine (6-HDA) (42). Two or three days later, all rats were again anesthetized and bilateral 23-gauge stainless steel guide cannulas were stereotaxically implanted into the PO/AH (with the skull horizontal: 0.8 mm lateral to the superior saggital sinus, 6.5 mm down from dura at bregma) and fixed to the rat's skull with dental cement.
Three or four days later, the 22 rats that had previously been given 6-HDA intraventricularly now re-932 THERMAL HOMEOSTASIS IN RATS ceived 8 pg of 6-HDA bilaterally into the PO/AH, whereas the 7 rats in the control group received only the vehicle solution. Injections were made into unanesthetized rats from a remote microsyringe, via polyethylene tubing and a 30-gauge inner cannula positioned to extend 0.5 mm beyond the outer cannula. All intracerebra1 injections were 4 ,ul in volume, and were delivered in 4.5 min with the aid of an automatic microdrive (Sage Instruments).
As before, intraperitoneal administration of 50 mg/kg pargyline preceded them. All intracerebral injections were repeated 2 days later.
This mixture of intraventricular and intracerebral administrations of 6-HDA was selected on the basis of preliminary findings that two or three injections of 6-HDA via either route alone produced depletions of only 70-80% in the PO/AH.
Electrolytic Lesions
Bilateral destruction of the PO/AH was achieved by passing 2 mA anodal DC for 20 s through stereotaxically guided stainless steel electrodes which were insulated except for 0.5 mm at the tip. Lesions at the above coordinates were produced in two stages, separated by several days. On each occasion, rats were anesthetized with Equi-Thesin and mounted on the stereotaxic instrument with specially blunted ear plugs which could not puncture their tympanic membranes, in order to prevent damaging the chorda tympani nerves and thereby interfering with salivary secretion from the submaxillary glands (40). Only 14 of 35 lesioned rats survived for testing; the rest died presumably of pulmonary edema (25).
Measurement of Body Temperature
Within the 1st wk after the last injection of 6-HDA or vehicle solution into the PO/AH, rats in their home cages were placed for 5 h in a large incubator maintained at 6 t 0.5"C. They were briefly removed from the incubator every 30-60 min, and a thermistor probe (2 .l°C) was inserted rectally at least 5 cm beyond the anus to measure body temperature. Several days later, the rats were exposed to an ambient temperature of 36 or 40°C and body temperatures were monitored for 4-5 h, as before, unless there were earlier signs of heat exhaustion (ataxia, irregular respiration, body temperatures in excess of 42.O"C).
Some animals were retested 6-8 wk later, in the cold and the heat. Electrolytically lesioned animals, as well as untreated control rats, also were tested then.
Measurement of Tail Temperature
Rats in their home cages were placed in an environmental room and exposed to ambient temperatures of 6 or 36OC (+ l.OOC) for 5-6 h. Each hour, one thermistor probe was inserted rectally to measure body temperature while another probe, insulated from the environment with cotton, was taped to the rat's tail about 5 cm from the base. Each measurement lasted lo-15 s.
In a second determination of vasodilatation during heat exposure, rats were confined in an opaque card-board box (dimensions: 12.5 cm x 9.5 cm x 11.5 cm) which rested on a warming tray (floor temperature within the box = 43°C). The rats lay quietly within the box and their tails were positioned so they protruded through a small hole in one side of the box. One thermistor probe was passed through a second hole in the box and inserted rectally while a second probe, insulated as above, was taped to the tail outside of the box. The probes were in place continuously and measurements were taken every minute until body temperatures approached 42°C.
Measurement of Evaporative Water Loss
Total evaporative water loss was measured in an open-flow system. In brief, rats were placed on a wiremesh floor over mineral oil in an air-tight 3.5-liter Plexiglas container located in the incubator, and they were exposed to an ambient temperature between 32 and 42°C for 37 min. Dried air was passed through the container at the rate of 4.0 liters/min, and then through a series of drying tubes which were connected during the final 15 min of exposure and were later weighed (+O. 1 mg) to determine evaporative water loss. Body weights (22 g) were taken before and after each exposure, and mean values were used in calculating the rates of evaporative water loss.
Although dry air was introduced into the chamber, moisture from the rat established a vapor pressure that was dependent on ambient temperature. Since the humidity could not be controlled, data for evaporative water losses from rats with 6-HDA lesions were compared to values from untreated control rats that were obtained by the same experimental procedures.
Measurement of Oxygen Consumption
Oxygen consumption was determined by monitoring the decline in barometric pressure within a closed system containing appropriate absorbants for expired CO, and water. In brief, rats were placed in the 3.5-liter chamber mentioned above. An air outlet in its lid was serially connected by rubber tubing to tubes containing Drierite desiccant and soda lime, a peristaltic pump, and an air inlet near the base of the chamber. Air was circulated through the system at 2 liters/min. Decreases in pressure were detected by a pressure transducer attached via a Y connector between the pump and the chamber inlet, and were displayed continuously on a polygraph where they could be compared with calibration curves obtained previously by withdrawing fixed volumes of air by syringe.
Rats were exposed to ambient temperatures of 6, 30, or 36"C, for 90-180 min before measurements of oxygen consumption were taken. Determinations were of the time it took rats to consume 80 ml of oxygen (usually, 3-10 min). Since the approximate volume of the system was 5 liters, the oxygen levels of air in the chamber should not have dropped below 19% during the test periods. Between determinations, the pump was disconnected and the system was flushed with dry air (2 liters/ min) for 5-10 min. Three measurements were made for each rat, during periods of relative inactivity, and mean values (corrected for STP) are reported.
Neurochemical and Neuroanatomical Analyses
Representative rats with biochemical (n = 10) or electrolytic lesions (n = 8), and control animals, were killed by decapitation with a guillotine at least 4-6 wk after treatment. Each brain was separated from the spinal cord at the level of the foramen magnum and was rapidly removed from the skull and dissected on a glass plate over ice. With the ventral surface of the brain facing upward, an anterior coronal cut was made at the point where the anterior commissure begins to decussate, and a posterior cut was made just behind the optic chiasm (comparable to sections A 7470 pm and A 5660 ,um, respectively, in the Konig and Klippel (22) AtZas). The remaining brain section was placed flat on the glass plate with its anterior surface up. A horizontal cut was then made just medial to the lateral olfactory tracts; dorsal and lateral tissue was discarded.
Finally, the optic tracts were detached and discarded, leaving the PO/AH as the remaining tissue. It was immediately frozen on Dry Ice and stored at -70°C for l-2 mo before being assayed for NE.
A modification of the method described by Coyle and Henry (9) was used to measure NE. Brain tissue homogenates were incubated with Catechol-O-methyltransferase in the presence of a tritiated methyl donor and the tritiated NE metabolites were extracted for radiometric counting. The assay discriminates between NE and dopamine products but does not separate epinephrine from NE products. Sensitivity of the method is 100 P&c Instead of PO/AH NE, cannula and lesion placements were determined in the brains of five other rats with biochemical lesions and four rats with electrolytic lesions. These animals were killed with an overdose of Nembutal and perfused with saline and 10% Formalin.
Brains were dissected free and stored in 10% Formalin until being frozen, stained, and examined microscopically.
RESULTS
Thermoregulation in Heat
The observed effects of heat stress on body temperature, peripheral vasodilatation, evaporative water loss, and oxygen consumption are in accord with previous investigations of untreated adult male rats (14, 15).
ThermaL tolerance. When exposed to an ambient temperature of 36°C untreated control rats maintained body temperatures between 39.7 and 40.8"C throughout the 5-h test period (Fig. 1 ). This level of controlled hyperthermia was significantly higher than that of the 6-HDA-lesioned rats (P < .Ol) but not the pargylinetreated controls (mean body temperatures = 39.4, 40.2"C, respectively).
When exposed to an ambient temperature of 4O"C, 14 of 15 untreated control rats maintained body temperatures below 42.O"C for at least 3 h. In contrast, five of seven pargyline-treated control rats could not avoid heat exhaustion even for 2.5 h (Fig. 2) . Nevertheless, despite pargyline pretreatments, 16 of 22 rats that had received intracerebral injections of 6-HDA maintained J. G. VAN ZOEREN AND E. M. STRICKER body temperatures at the same levels as untreated controls (Fig. 2) . These animals were conspicuously less active than the controls.
Rats that were not able to maintain a controlled hyperthermia throughout the 4-h test period showed normal thermoregulation when they were retested 5 wk later, while other lesioned rats displayed body temperatures that were 0.5-l.O"C lower than when tested previously.
None of the 14 rats with electrolytic lesions were able to tolerate exposure to 40°C for 1.5 h (Fig. 2) .
PeripheraZ uasodiZatation.
At an ambient temperature of 36°C the 6-HDA-lesioned rats maintained lower body temperatures than controls yet their tail temperatures were similar (Fig. 1) . The biochemical lesions also appeared to facilitate peripheral vasodilatation during acute exposure to a more severe heat stress. When 
and, as they approached 42"C, the tail temperatures of the lesioned rats were found to be consistently higher than those of the controls (Fig. 3) . Note that the onset of vasodilatation, defined as the beginning of the 3-min period during which tail temperatures (above 28OC) increased most rapidly, usually occurred in both groups when body temperatures were between 39.1 and 39.5OC. Evaporative water toss. As with controls, evaporative water losses of 6-HDA-lesioned rats increased exponentially as a function of ambient temperature (Fig. 4 ). There were no significant differences between the slopes of the regression lines of the two groups. Oxygen consumption. Figure 5 depicts the calculated mean values for metabolic rate, expressed as oxygen consumption per kilogram body weight to the threefourths power, of rats exposed to an ambient tempera- 935 ture (30°C) within their thermoneutral range and to one (36°C) above it. The 6-HDA-lesioned rats had a much lower rate of oxygen consumption than did the untreated controls in both environments (both P's c .OOl). Determinations could not be made of rats at an ambient temperature of 40°C because their rest was frequently interrupted by postural adjustments or bouts of grooming activity.
Thermoregulation in Cold
The observed effects of cold stress on body temperature, peripheral vasoconstriction, and oxygen consumption are in accord with previous investigations of untreated adult male rats (33).
ThermaL tozerance. When exposed to an ambient temperature of 6"C, 18 untreated control rats maintained body temperatures between 37 and 38OC throughout the 6-h test period (Fig. 6) . Similar ranges of body temperature were observed in all 22 6-HDA-lesioned rats, all 7 pargyline-treated controls, and 7 of 14 electrolytically lesioned rats; in contrast, the other 7 lesioned rats showed a progressive hypothermia with no indication of thermal control (Fig. 7) .
Peripheral vasoconstriction.
As with controls, the tail skin temperatures of 6-HDA-lesioned rats decreased rapidly when animals were exposed to an ambient temperature of 6°C (Fig. 6 ). There were no significant differences between the two groups.
Oxygen consumption. Despite relatively low rates of oxygen consumption in the warmer environments, 6-HDA-lesioned rats in the cold increased their metabolic rate to levels similar to those of untreated control animals (Fig. 5) . All animals shivered.
Neurochemical
and Neuroanatomical Analyses NE content of the PO/AH in the 6-HDA-lesioned rats ranged from 1 to 10% of values from untreated controls, with 2 of 10 animals having NE depletions greater than 96%. In contrast, NE levels were significantly elevated in the pargyline-treated controls (Table 1) . Rats with electrolytic lesions had significant decreases in NE levels, but depletions did not differ between lesioned rats that could maintain thermal balance in the cold and those that could not. 
1
AH. The cannula tracts protruded through the anterior commissure; thus, 6-HDA must have been delivered into the medial preoptic nucleus, apparently causing 0.5 mm" of further nonspecific tissue damage. Of the four rats with electrolytic lesions whose brains were examined histologically, the medial preoptic and anterior hypothalamic nuclei were almost completely destroyed in both rats that could not thermoregulate in the heat or the cold, whereas ventral portions of this area were spared in both rats that could regulate in the cold but not the heat.
DISCUSSION
The principle finding of the present experiments is that specific destruction of virtually all NE-containing nerve terminals in the PO/AH did not disrupt thermoregulation by rats either in the heat or in the cold. Examination of the effector mechanisms suggest that thermal balance was maintained normally, and that compensatory adjustments did not conceal individual impairments (41). Indeed, the only alterations noticeable were the unusually high tail temperatures and low metabolic rates of 6-HDA-treated rats exposed to an ambient temperature at 36°C and these effects facilitated thermoregulation by reducing the heat load. This benefit was not the fortuitous result of chronic vasodilatation and hypometabolic function, because these ani-J. G. VAN mals were able to vasoconstrict peripherally and increase their oxidative metabolism during cold stress. A specific disruption of thermolytic mechanisms occurred in 70% of the unlesioned pargyline-treated rats. These animals could not endure more than 1-2 h of exposure to an ambient temperature of 40°C before undergoing heat exhaustion, whereas untreated control rats usually lasted at least 4-5 h. This effect was observed several days after administration of pargyline, at which time the drug should still be active (30), but disappeared within 6 wk. Since 70% of the 6-HDAtreated rats never showed this impairment, the effects of pargyline appear to be mediated by central noradrenergic neurons.
However, its additional influence on other neuronal pathways in the brain, as well as on peripheral sympathetic nerves, cannot be discounted (44) In marked contrast to the ineffectual biochemical lesions of the PO/AH were the outstanding impairments in rats after electrolytic lesions of this area. All 14 of the latter animals became severely hyperthermic during the 1st h of exposure to an ambient temperature of 4O"C, presumably due to the disruption of both salivary evaporation and cutaneous vasodilatation (40). Seven of them also were unable to maintain body temperatures in the cold, while the other seven seemed unimpaired. There have been surprisingly few prior reports of lesioned rats examined both in the heat and the cold. The present results are consistent with such work (16, 24) and suggest that some functional separation may be possible between the central controls of heat loss and those of heat gain, a conclusion also reached on the basis of other evidence (7). Unfortunately, only a limited sample of brains in the present series was examined histologically, and thus anatomical correlates for this separation within the PO/AH cannot be specified. However, a few observations that were made are in accord with previous findings that rats can maintain thermal balance in the cold if lesions spare ventral portions of the PO/AH (24, 35).
The electrolytic lesions reduced levels of NE in the PO/AH. However, it seems unlikely that observed impairments in thermoregulation resulted from destruction of local noradrenergic nerve terminals because all rats with electrolytic lesions had substantially lower NE depletions than all 6-HDA-treated rats, none of which showed impaired thermoregulation.
Thus, it appears that electrolytic lesions of the PO/AH incidentally damaged NE-containing neurons while destroying other neural systems more critically involved in thermoregulation.
The specific destruction of NE-containing neurons by 6-HDA results from its uptake and accumulation within those neurons. Because the drug has more general cytotoxic potential, damage can be restricted to catecholaminergic neurons only when local concentrations of 6-HDA are not so large that it is taken up by other tissue (321. Unfortunately, there is still some controversy regarding what concentrations of 6-HDA are suitable for injections into brain parenchyma (6, 20) . For that reason, it is important to emphasize that we saw very little nonspecific neural damage in the 6-HDA-treated rats and that they had no thermoregulatory impairments. In contrast, questions about the specificity of neuronal damage do seem appropriate in evaluating a recent report that 6-HDA administered into the PO/AH of rabbits greatly attenuated their thermoregulatory responses to hypothalamic heating or cooling (461, since the prodigious doses of 6-HDA that were used (200 pg/20 ~1) have been found by others to produce damage resembling electrolytic lesions (31).
The present results indicate that extensive destruction of NE-containing nerve terminals in the PO/AH has little effect on rats' ability to maintain thermal balance in the heat or the cold. However, it remains possible that NE-containing neurons in the rat brain are importantly involved in thermoregulation, but the critical terminals are not located in the PO/AH. This hypothesis seems unlikely in view of the considerable evidence implicating the PO/AH in the central control of thermoregulation (2, 331 , and demonstrating changes in body temperature when NE is administered there (1, 13). Furthermore, rats maintain thermal balance in the heat and the cold following intraventricular injections of 6-HDA which produced at least 90-95% depletions of NE throughout the telencephalon (though only 75% depletions of NE in the PO/AH) (37,42,45). Alternatively, the critical terminals may be located in the PO/AH, but the level of NE depletion produced by the present 6-HDA treatments may not have been enough. Although considerable potential for recovery of function does exist within damaged pathways of catecholamine-containing neurons (43, 481, it seems unlikely that the present 6-HDA-treated rats with less than 10% of control values for PO/AH NE would not show at least some impairment if those fibers were important for thermoregulation (cf. 47). Furthermore, anincreased change in body temperature following the central administration of NE, which might be expected if receptor supersensitivity were largely responsible for maintaining thermoregulatory functions, is not observed in rats given 6-HDA intraventricularly (28). Finally, it seems unlikely that the degree of thermal stress used to test regulation was insufficient (cf. 39) since ambient temperatures of 6°C and 40°C are well removed from the thermoneutral zone of male rats (2831°C).
Given these considerations, it seems appropriate to briefly reexamine some of the evidence which is frequently invoked to support the hypothesis that central NE-containing neurons in rats are involved in thermoregulation. 
